Fluorescence anisotropy decays were used to quantify the degree of rapid librational motion associated with several fluorescent probes attached to contractile proteins.
Resonance energy transfer measurements of interpoint distances have recently played an important role in deducing the spatial arrangement of the multiprotein complexes in contractile systems. The method is capable of providing information on the separation between two well-defined sites. This is particularly useful in muscle research, given the large number of chemically distinguishable locations on myosin, actin, and associated proteins and the current lack of x-ray crystallographic information. Enough information is available now so that a lattice of several defined points can be constructed and this lattice related to other structural information available on muscle proteins (1) . Of the experimental factors necessary for an energy transfer distance estimate, the hardest to get is K2, the "orientation" factor. In general, the actual value of K2 is not experimentally measurable. The simplest approximation is to assume that both donor and acceptor transition dipoles are undergoing motion that randomizes the orientations much faster than the donor is decaying to its ground state. The randomization must be due to each probe sampling all orientations, not due to a static random distribution of probes. In the first case, the dynamically averaged isotropic limit holds, and K2 = 2/3. In general, the possible range of dipole motion is restricted when a fluorophore is bound to a protein; then this approximation becomes questionable. It can still be used, but then it is desirable to know how much uncertainty this contributes to the distance estimate. Several discussions of this problem have appeared in recent years (2) (3) (4) . In the sense of quantification the most useful analysis is that of Dale et al. (5) . These authors use the decrease in the zero-time value in a fluorescence anisotropy decay curve to estimate the degree of rapid probe randomization. This information then allows calculation of upper and lower bounds on K2, and hence on R0, the critical transfer distance, and on R, the interprobe distance. Some recent applications of the method have appeared (6, 7) . Here we apply the analysis to examine the uncertainties in several recent distance measurements made on the contractile system and relate these uncertainties to the reliability of protein structure mapping by resonance energy transfer (1) .
MATERIALS AND METHODS
Proteins. Myosin was prepared from rabbit back muscle according to Tonomura et al. (8) . Myosin subfragment 1 (Si) was prepared by using chymotrypsin (9) and was purified by either filtration through Sephacryl S-200 in 50 mM tris(hydroxymethyl)aminomethane/0.1 mM sodium azide, pH 7.5, or ion-exchange chromatography on DE-52 in 75 mM imidazole at pH 7.0 eluted with a KCl step gradient at 5, 50, and 120 mM. The quality of the preparation was monitored by NaDodSO4/polyacrylamide gel electrophoresis and by measuring the Ca2' and K+/EDTA ATP activities. Actin was purified from rabbit back and white hind leg muscle acetone powder (10) .
N-(iodoacetyl)-N' -(5-sulfo-1-naphthyl)ethylenediamine (1,5-IAEDANS) (11), 5-(iodoacetamido)fluorescein (IAF), and iodoacetyl-salicylic acid (IAS) were products of Molecular Probes (Plano, TX); 2,4,6-trinitrobenzenesulfonate was a product of Aldrich Chem (Metuchen, NJ). N-(iodoacetyl)-N'-(8-sulfo-1-naphthyl)ethylenediamine (1, 8 -IAE-DANS) was obtained from Sigma. S1 labeled at its reactive thiol ("SH1") with IAF at the reactive sulfhydryl SH1 (IAF-S1) and actin labeled at cysteine-374 with IAEDANS (IAE-DANS-actin) were prepared essentially according to Takashi (12) . Initial purification of IAF-S1 was by filtration on Sephadex G-50, followed by overnight dialysis to remove nonspecifically bound fluorescein. Protein concentrations were estimated from optical density measurements on unlabeled samples, using Aj." = 7.5 for S1 (13) and Aj." = 6.3 for actin (14) . Concentrations of labeled proteins were assayed by the Folin-phernol method using the unlabeled protein as a standard. Labeling of the reactive lysine residue of S1 with trinitrobenzenesulfonate was according to Takashi et al. (15) and labeling of the light chain 3 thiol followed by the exchange of labeled for unlabeled light chains on S1 was as in Marsh and Lowey (16) .
Fluorescence Measurements. Two instruments were used to make time-resolved fluorescence anisotropy measurements. Early experiments were done on the "double-beam" fluorescence polarization decay apparatus described by Mendelson et al. (17) . Later experiments were done on an instrument that incorporated the same data acquisition electronics, with pile-up rejection hardware removed, but with a shorter lamp flash and with a sample cavity, optical train, and cooled phototube supplied 
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wavelengths were selected by interference and cut-off filters. Data collection was under the control of a DEC PDP8/e computer. Since this is an L-format instrument-that is, it has a single phototube at right angles to the excitation beam-anisotropy data were collected by accumulating several successive data sets for short periods, alternating the emission polarizer between vertical and horizontal orientations, and later summing the polarized intensities in the computer. This procedure serves to reduce the effect of slow instrumental drifts in either intensity or time. Variations in the photomultiplier tube time response with wavelength were estimated by reanalyzing the data after shifting the lamp in time relative to the data and monitoring the change in the goodness of fit. Data in the PDP8/e were transferred to a Data General Eclipse 230S computer for further analysis.
The emission anisotropy is
where s(t) and d(t) are the sum (total intensity) and difference curves, respectively, H and V are horizontal and vertical polarizer orientations, respectively, and G = IHH/IVH is the correction factor for the difference in phototube response as a function of emission polarizer orientation. The first subscript refers to the emission polarizer orientation and the second to the excitation polarizer. G was measured by rotating the excitation polarizer to the horizontal and measuring the steady-state intensities of the sample (18) The analysis procedure is that described by Rose et al. (18) . The sum, anisotropy, and difference responses upon excitation by an infinitely narrow lamp flash are, respectively, s(t) = liaiexp(-t/ri) r(t) = Xj1f3exp(-t/1j) d(t) = s(t)r(t), [2] [3] [4] where Ti are the fluorescence lifetimes, Oj are the rotational correlation times, and ai and 8j are their associated pre-exponential terms. The lifetime response parameters are first obtained by analyzing s(t). These parameters are then held constant in Eq. 4 and the anisotropy parameters are extracted. The zero-time anisotropy is then r(0) = X13,. Deconvolution from the finite-width lamp pulse and multiexponential analysis were carried out by the nonlinear least-squares iterative reconvolution technique (19, 20) , using programs based on routines given to us by L. Brand.* Goodness of fit was judged by the reduced x2, the percent residuals, and the autocorrelation of the weighted residuals.
The observed zero-time anisotropies were further corrected for inaccuracies due to the imperfect polarization of light by the film polarizers, based on an analysis (20) Proc. NatL Acad Sci. USA 81 (1984) Proc. Natl. Acad. Sci USA 81 (1984) 3725 ization scrambling caused by the birefringence of quartz windows. For an L-format instrument (21), r' = r(1 -3a), [5] where r is the true anisotropy, r' is the observed anisotropy, and a is the scrambling coefficient, obtained by measuring r' on a sample with a known r. The correction in practice was small (a < 0.02) at the wavelengths employed here. Anisotropies in the absence of probe motion were obtained from samples in 90% glycerol at -500C.
Theory. In the model underlying the Dale et al. (5) analysis, donor and acceptor dipoles whirl in respective cones having fixed symmetry axes between which transfer occurs. In general, an experimentally observed zero-time anisotropy is the anisotropy corresponding to a static random distribution (2/5 when absorption and emission dipoles are collinear), multiplied by a "depolarization factor." If the depolarization results from successive processes, the "factor" is the continued product of factors, each corresponding to a component process. Thus, in the model the overall depolarization-i.e., that of the donor emission when acceptor is excited-results from three successive processes: donor motion, transfer from donor axis to acceptor axis, and acceptor motion. The analysis then uses these values to set upper and [7]
These cases correspond to the most favorable (both dipoles parallel to each other and to the vector connecting them) and least favorable (both dipoles perpendicular to their connecting vector and to each other) orientations of the average donor and acceptor dipoles, respectively. The limits to Ro are then given by
Ro min, max = [3/2((K2)min, max)]1/6 R(2/3).
[8]
The average cone angle 6 sampled by the probe during azimuthal orientational averaging is given by (dW) = (3/2)(cos 0)2 -1/2. [9] RESULTS AND DISCUSSION Six different labelings were used in this study: 1,5-IAE- In the cases in which trinitrobenzenesulfonate is the acceptor there is no emission, thus preventing the determination of both (d4) and (do).
The first case in Table 2 (1,5-IAEDANS-actin and IAF-S1) shows that even restricted probe motion can reduce the K2 uncertainty. This case was studied by Takashi (12) (19) have no effect on K2, since rapid vibronic relaxation to the same lowest-level excited singlet state occurs regardless of excitation pathway, and hence there is a well-defined emission dipole orientation. In cases in which IAEDANS is the acceptor, however, the multiplicity of absorption dipole orientations could significantly reduce the range of K , depending on the exact region of spectral overlap.
The second through fourth examples illustrate that the K2 Ro(min) and RO(max) are expressed relative to RO(2/3).
indeterminacy can be greatly reduced when significant motion of one probe exists even though the motion of the other is unmeasurable. In these cases, the upper and lower bounds define a conservative maximum range since almost certainly at least some rapid motion occurs in the acceptor. The final case is similar to that reported by Marsh and Lowey (16) , who measured the energy transfer between SH1 and the sulfhydryl of light chain 1. Here both probes suffer a large amount of randomization. The absolute minimum of Ro is only 20% below that of the dynamically averaged limit, and the maximum is only 26% above, so R(2/3) is a good approximation to the true interpoint distance.
In summary, these results illustrate that the local motional freedom of probes used in energy transfer experiments in muscle proteins is found to vary from the immobile to nearly total, thus setting corresponding uncertainty ranges in the distance calculated by using the dynamic isotopic assumption. Although such uncertainty ranges somewhat limit the resolution of the mapping of contractile protein structure by resonance energy transfer as outlined by Botts et al. (1) , they also aid in construction of the map by delineating a possible range of values.
